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Abstract
On the basis of various lithological, mircopaleontological and isotopic proxy records covering the last 30,000 calendar years (cal
kyr) the paleoenvironmental evolution of the deep and surface water circulation in the subarctic Nordic seas was reconstructed for
a climate interval characterized by intensive ice-sheet growth and subsequent decay on the surrounding land masses. The data reveal
considerable temporal changes in the type of thermohaline circulation. Open-water convection prevailed in the early record,
providing moisture for the Fennoscandian-Barents ice sheets to grow until they reached the shelf break at &26 cal. kyr and started to
deliver high amounts of ice-rafted debris (IRD) into the ocean via melting icebergs. Low epibenthic d18O values and small-sized
subpolar foraminifera observed after 26 cal. kyr may implicate that advection of Atlantic water into the Nordic seas occurred at the
subsurface until 15 cal. kyr. Although modern-like surface and deep-water conditions "rst developed at &13.5 cal. kyr, thermohaline
circulation remained unstable, switching between a subsurface and surface advection of Atlantic water until 10 cal. kyr when IRD
deposition and major input of meltwater ceased. During this time, two depletions in epibenthic d13C are recognized just before and
after the Younger Dryas indicating a notable reduction in convectional processes. Despite an intermittent cooling at &8 cal. kyr,
warmest surface conditions existed in the central Nordic seas between 10 and 6 cal. kyr. However, already after 7 cal. kyr the present
day situation gradually evolved, veri"ed by a strong water mass exchange with the Arctic Ocean and an intensifying deep convection
as well as surface temperature decrease in the central Nordic seas. This process led to the development of the modern distribution of
water masses and associated oceanographic fronts after 5 cal. kyr and, eventually, to today’s steep east}west surface temperature
gradient. The time discrepancy between intensive vertical convection after 5 cal. kyr but warmest surface temperatures already
between 10 and 6 cal. kyr strongly implicates that widespread postglacial surface warming in the Nordic seas was not directly linked
to the rates in deep-water formation. ( 2001 Elsevier Science Ltd. All rights reserved.
1. Introduction
Paleoceanographic studies have demonstrated that the
oceanic circulation in the North Atlantic region was
quite variable between the Lateglacial and Holocene
periods (e.g., Broecker et al., 1988; Lehman and Keigwin,
1992; Veum et al., 1992). Salinity changes in regions of
thermohaline circulation and deep-water formation have
been proposed for being partly responsible for these
rapid climatic shifts (Broecker et al., 1990; Rahmstorf,
1995). Sediment cores from the North Atlantic document
that Last Glacial ice-sheets #uctuated in size on time-
scales not recognized previously (Bond and Lotti, 1995),
and that such #uctuations were probably also causing
some of the salinity changes at these mid- to high-north-
ern latitudes due to enhanced iceberg thawing (e.g., Du-
plessy et al., 1991; Bond et al., 1993; Maslin et al., 1995).
The Norwegian}Greenland}Iceland seas (Nordic seas)
is a region well suited to study glacial to interglacial
climatic changes. This is because intense deep-water
formation occurs here as a result of the poleward #ow of
warm and saline Atlantic surface water and consequent
cooling of these waters upon heat release. This process is
recognized as an integral part of the modern, interglacial
climate system. It is believed that the present day situ-
ation, with barely any ice left in Scandinavia, is the result
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of the global climate change after the Last Glacial Max-
imum (LGM) triggered by an increasing solar radiance
and a subsequent northward expansion of warm Atlantic
surface waters into subarctic latitudes (Ruddiman and
McIntyre, 1981; Imbrie et al., 1993). During the LGM,
the landmasses surrounding the Nordic seas were largely
covered by ice sheets. At this time and during the ensuing
deglacial phase planktic foraminiferal isotopes and
sedimentologic proxies show that the marginal regions of
the Nordic seas have repeatedly received high but also
variable amounts of sediments from icebergs/ice-sheet
magins (e.g., Elverh+i et al., 1995; Laberg and Vorren,
1995), and that strongly varying surface salinity condi-
tions due to meltwater input probably had a pronounced
e!ect on the surface circulation and intensity of deep-
water renewal (e.g., Veum et al., 1992; Sarnthein et al.,
1995). The water-mass variability at the surface, parti-
cularly during the last deglaciation, apparently paralleled
rapid atmospheric temperature changes on the nearby
ice-covered landmasses (e.g., Lehman and Keigwin, 1992;
Taylor et al., 1993).
1.1. Rationale
Supported by planktic stable isotope studies, micro-
paleontological records have been used in the Nordic
seas to elucidate past water mass changes in the Nordic
seas (Kellogg, 1980; Jansen and Bj+rklund, 1985;
Baumann and Matthiessen, 1992; Koc7 -Karpuz and Jan-
sen, 1992; Sarnthein et al., 1995; Hald et al., 1996). De-
spite considerable progress in the understanding of the
glacial-to-interglacial climate system has been made on
the basis of these studies, they could only partially unveal
the speci"c conditions of the LGM. Previous interpreta-
tions saw the Nordic seas as an ice-covered region during
the LGM. But more recent investigations suggest the
presence of Atlantic surface water as well as open-water
conditions during the main glacial phase, oxygen isotope
stage (OIS) 2 (Bauch, 1992; Hebbeln et al., 1994; Dokken
and Hald, 1996; Weinelt et al., 1996), implying that there
must have been a notable water-mass exchange between
the Nordic seas and the North Atlantic.
Understanding past environments is a rather challeng-
ing task if the region under study has no modern ana-
logues to compare with. The interpretation of the Last
Glacial paleoenvironment of the Nordic seas is, in this
respect, particularly challenging because it is often ham-
pered by an inconsistency in the downcore occurrence of
important proxy tools. For instance, paleoceanographi-
cally crucial pelagic microfossil groups are either lacking
from the fossil record or are extremely impoverished in
species numbers. The bathyal conditions are usually best
looked at using benthic forminifera. However, the glacial
and interglacial species assemblages of the Nordic seas
di!er from each other in showing during the glacial
interval just a few, mainly infaunal species (e.g., Struck,
1995). This common lack of epibenthic foraminifera in
glacial core sections makes it di$cult to establish de-
pendable epibenthic d13C records, and is the main reason
why no profound knowledge exists on the glacial-to-
Holocene deep-water mass evolution of the Nordic seas.
So far, the only existing benthic d13C records which also
covers the entire LGM comes from the southeastern
Norwegian Sea and has been used to interpret the water-
mass development between the North Atlantic and the
Norwegian Sea (Veum et al., 1992). But this core, as well
as others most often used for paleoceanographic studies
in the Nordic Seas, originates from the western Norwe-
gian-Barents Sea continental margin, a region with
hemipelagic sedimentation that has undergone strong
depositional changes since the LGM making it more
di$cult to rule out local depositional e!ects on the vari-
ous core records (e.g., Laberg and Vorren, 1995; Bon-
devik et al., 1997).
In order to overcome, at least partially, the various
obstacles associated with sediment records from the Nor-
dic seas and to obtain a constructive paleoceanographic
interpretation with a more than regional implication it
seems imperative to integrate a multitude of di!erent
proxy tools from a &pelagic’ core site with reasonably
high sedimentation rates but less strong local overprint.
By incorporating various benthic and planktic stable
isotope and faunal assemblage data as well as lithological
records giving evidence of the temporal variations in the
input of speci"c types of iceberg-rafted sediments, an
attempt is made in this study to interpret the complex
water mass history of the Nordic seas since the "nal
phase of the last glaciation. Besides interpreting the vari-
ous proxy records from the main investigation area in the
central Nordic seas which today is in#uenced by in#ow-
ing Atlantic surface-water and deep-water formation, we
will also compare these data with records from a site in
the western Fram Strait directly underlying the out#ow-
ing polar waters from the Arctic Ocean. This comparison
will allow us to interpret not only the glacial-to-inter-
glacial water-mass evolution between the Nordic seas
and the North Atlantic but also to relate the observations
made in the central Nordic seas with the crucial oceanic
changes occurring near the Arctic Ocean gateway.
2. Sites, material, and methods
The main site investigated, PS1243, is located on the
eastern #ank of the Jan Mayen Ridge at &2,700 m water
depth (Fig. 1). Surface sediments from this area reveal the
highest carbonate contents in the Nordic seas (Johannes-
sen et al., 1994), underlining the pelagic nature of this
particluar region. In addition, the core position is well
suited to trace the various water masses of the Greenland
Sea and the Iceland Sea, where the main deep-water
formation takes place today, and the Norwegian Sea
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Fig. 1. Present day surface (black arrows) and deep (grey arrows) water circulation in the Norwegian, Greenland, and Iceland seas (Nordic seas).
Shown are the two investigated sites and the two dominant oceanographic fronts (Polar and Arctic Fronts) which separate the Nordic seas into
di!erent water masses; WSC (West Spitsbergen Current), EGC (East Greenland Current).
which is mostly a!ected by the warm Atlantic water.
Substantial amounts of the deep water leave the Nordic
seas southward through the Norwegian Basin. Relatively
warm and saline Atlantic surface water #ows into the
Arctic Ocean through the eastern Fram Strait as West
Spitsbergen Current (WSC), whereby water masses from
the Arctic Ocean exit in a southward direction along the
continental slope of Greenland with the cold East Green-
land Current (EGC) being the major component. This
di!erence in water mass #ow and properties causes the
formation of the two distinctive oceanic fronts, the Polar
and Arctic Fronts (Fig. 1).
Sediment samples were taken from core PS1243-1
(core diametre 10 cm) as 1 cm thick slabs at 1 cm inter-
vals. The boxcore PS1243-2 (size 50]50]50 cm) was
usually sampled every 2 cm also as 1 cm thick slabs;
additional sampling was carried out with syringes (10 ml)
to obtain the dry bulk density of the sediment for calcu-
lating accumulation rates. Box core PS1230 was sampled
every 1 cm throughout.
Counts of the benthic and planktic foraminiferal as-
semblages were conducted on two size fractions,
63}125 lm and ’125 lm. This approach was used be-
cause previous investigations have shown that changes in
test size of the important subpolar planktic species Tur-
borotalita quinqueloba is a signi"cant feature in the Nor-
dic seas for the in#ow of Atlantic water during the last
glaciation (Bauch, 1994; Hebbeln et al., 1994).
The observation and quanti"cation of ice-rafted debris
(IRD) in glacial and deglacial marine sediments of the
Nordic seas can give an indication of past ice-sheet
#uctuations (e.g., Baumann et al., 1995). The IRD com-
position ’250 lm was carefully studied, providing in-
formation on the variability of two dominant lithogenic
types: (1) sedimentary rock clasts that are often a greyish,
organic-rich siltstone (clastic IRD); (2) crystalline rock
fragments (crystalline IRD) of various kind (e.g., mono-
and polycrystalline grains of igneous origin and meta-
morphic rock fragments). There have been numerous
attempts to de"ne the provenances of the various IRD
types occurring in Nordic seas sediment cores (e.g., Spiel-
hagen 1990; Birgisdottir, 1991; Bischof, 1994). Due to
strong similarities in crystalline rock types on the land
masses on either side of the Nordic seas, only sedimen-
tary clasts, such as Upper Cretaceous chalk, seem to have
provided de"nite information on the direction of past
iceberg drift (Spielhagen, 1991). The occurrence of
organic-rich clastic IRD has been noted before in glacial
core sections (Bauch et al., 1996; Bischof et al., 1997). It is
particularly characteristic within dark layers in cores
from the eastern sector of the Nordic seas (Henrich et al.,
1989; Bischof, 1994). The origin of these organic-rich
material seems to point to the wide and shallow western
Eurasian shelves (Wagner and Henrich, 1994). As these
sedimentary clasts are a rather conspicuous type of IRD
also in other areas of the Nordic seas (Bauch et al., 1996), its
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Fig. 2. Linear sedimentation rates and age/depth relation of cores
PS1243 (black lines) and PS1230 (grey lines). The age/depth relation is
based on calendar years (see also Fig. 3).
particular temporal occurrence may therefore provide
important information on glacier ice #uctuation on these
northern shelves.
In order to de"ne the possible age and provenance of
the clastic IRD, the core section which contained the
highest numbers of this rock type was investigated with
palynological methods. For this purpose, the sedimen-
tary rock fragments were handpicked and processed.
The procedures for processing palynological samples and
the further preparation of strewn slides are described in
detail by Matthiessen (1995).
Stable isotope analyses were conducted on planktic
and benthic foraminifera. The carbon isotopes in the
epibenthic-living species Cibicidoides wuellerstorx are
known to record the d13C of the ambient water (e.g.,
McCorkle and Keigwin, 1994). Therefore, C. wuellerstorx
is often preferred over other species to reconstruct
past variations in deep-ocean ventilation, i.e., in nutrients
and oxygenation (Sarnthein et al., 1994). Benthic
forminiferal d18O records usually give the best indica-
tion of glacial to interglacial variations in global ice
volume, as it is generally assumed that they are less
a!ected by local changes in temperatures and fresh-
water #uxes than planktic d18O values. However,
previous benthic d18O records from the Nordic seas
have revealed some unusually light values for the Last
Glacial interval (Duplessy et al., 1988; Veum et al., 1992;
Costello and Bauch, 1997). Therefore, stable isotope
measurements were performed on two benthic species,
the epibenthic species C. wuellerstorx and the shallow-
infaunal species Oridorsalis umbonatus. Because of the
well-known departure from isotopic calcite equilibrium,
the d18O values of both species were corrected by #0.64
and #0.36& respectively. From the planktic assem-
blage the polar species Neogloboquadrina pachyderma
sinistral (sin.) was analyzed. All stable isotope analyses
were carried out at the Leibniz Laboratory of Kiel
University using the fully automated Kiel Carbonate
Preparation Device and a Finnigan MAT 251 mass
spectrometre system. The analytical accuracy of this sys-
tem is $0.07& for d18O and $0.04& for d13C (NBS-
19) and all measurements were calibrated to Pee Dee
Belemnite (PDB).
Age control of the studied cores is based on AMS
14C dates measured on N. pachyderma sin. To be com-
parative with other paleoceanographic studies, a correc-
tion by subtracting 400 yr was made to all radiocarbon
ages to account for the ocean inventory age (e.g., Veum
et al., 1992; Sarnthein et al., 1995; Voelker et al., 1998).
Ages of samples between 14C "xpoints were "rst ob-
tained by calculating linear sedimentation rates. In a sec-
ond step, each sample was given a calendar year
following Stuiver and Reimers (1993) until 18 ka 14C ka
and Bard et al. (1994) for the older core section. If not
marked speci"cally, all ages discussed are given in calen-
dar years BP (cal. kyr).
At site PS1243, both cores contained a 2 cm thick ash
layer comprised of transparent glass shards. We took
advantage of this discrete ash layer to splice together
boxcore PS1243-2 and its undisturbed surface layer with
the section from below this horizon which originates
from gravity core PS1243-1.
3. Sedimentation rates
The stratigraphic record of composite core PS1243 ex-
tends back to 30 cal. kyr (Figs. 2 and 3), covering the time
since the end of OIS 3. The radiocarbon age/depth rela-
tion reveals that sedimentation rates varied between 1 and
6.5 cm/kyr, with highest sedimentation rates being ob-
served between 14 and 6 cal. kyr. The time span represen-
ted by each of the 1 cm thick sample slabs averages
&550 kyr for the time 30}16 cal. kyr, &220 yr between
14 and 6 cal. kyr, and &340 yr for the last 6 cal. kyr.
As revealed by X-ray photography (Birgisdottir, 1991),
the investigated composite core section is an undisturbed
sediment sequence. The glacial and deglacial sediment is
mainly a silty clay with a sand-size components that
varies between 6 and 24% (Birgisdottir, 1991). Above
32 cm core depth the sediment turns into a foraminiferal
ooze showing a bulk carbonate content (wt %) of up to
&50% (Bauch et al., 2000a). This increase in carbonate
content indicates the typical change from a glacial,
hemi-pelagic to a dominantly pelagic depositional set-
ting. The prominent ash layer noted at 44.5 cm depth in
core PS1243 is identi"ed as Vedde Ash (Fig. 3). This is
con"rmed by the radiocarbon date from just below the
ash, which yielded an uncorrected age of 10.63 ka
14C BP$150 yr, and by geochemical analyses of the ash
particles themselves (H.-J. Wallrabe-Adams pers. com.
1998). The purity of the layer with regard to glass-shard
content, its well-de"ned base, and the lack of any signs of
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Fig. 3. Planktic oxygen isotope records of the polar species Neogloboquadrina pachyderma sinistral in cores PS1243 and PS1230. Stippled line in
PS1243 denotes the basis of the Vedde Ash layer. All radiocarbon dates (conventional 14C-yr) shown were reservoir corrected by subtracting 400 yr.
bioturbations in the X-rays all imply that the tephra was
deposited rapidly after eruption.
Sedimentation rates in core PS1230 from the western
Fram Strait are considerably less high than in
PS1243, varying between 1 and 2 cm/kyr for most of the
investigated time interval (Fig. 2). The glacial and de-
glacial sediment at this site is largely comprised of
a sandy-silty clay of which the sand content makes up
between 20 and 50%. In the Holocene part above
&13 cm core depth, the sand contents decreases usually
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below 10% (Spielhagen, 1990). The carbonate content in
the lower, glacial core interval ranges between 4 and 9%,
mostly of which is of detrital origin, whereas the Holo-
cene part shows rather constant values between 3 and
5% (Spielhagen, 1991). As can be realized from the re-
duced sedimentation rates in core PS1230, the low mod-
ern carbonate content seems primarily a re#ection of the
strong perennial ice coverage at the site and, hence, low
carbonate bioproductivity in these polar waters rather
than a result of sediment dilution despite the proximity of
this site to the Greenland margin. However, increasing
corrosion and fragmentation of foraminiferal test was
noticed above 13 cm core depth, an observation that
could have additionally a!ected the total carbonate con-
tents.
4. Records from the central Nordic seas
4.1. Iceberg-rafted debris (IRD)
The IRD records for the past 30 cal. kyr illustrates that
ice rafting was relatively low until 26 cal. kyr BP (Fig. 4).
The following strong increase in IRD (26}18 cal. kyr)
remained on a high level throughout OIS 2, i.e., the phase
with maximum extent of the Weichselian ice sheets.
Afterwards, IRD concentrations never regained the high
glacial values. Nevertheless, there are two more notable
spikes centred at 14 and at 12}13 cal. kyr until IRD
deposition eventually ceased at 10 cal. kyr. The ensuing
part of the Holocene section is devoid of any signi"cant
IRD, although, in the topmost sample there is a slight
recurrence of IRD. The two samples which essentially
cover the Vedde Ash layer (&12 cal. kyr) do not contain
any IRD but only glass shards and a few biogenic com-
ponents, corroborating the inference made above of its
rapid deposition.
Each of the two main IRD components reveal a di!er-
ent pattern between 26 and 22 and between 15 and 13 cal.
kyr and it seems as if both IRD records are anti-corre-
lated. The clastic IRD record reveals major spikes
centered at 23 and 14 cal. kyr. In time, the elder of the
two spikes correlates well with the occurrence of ice-
rafting event H2 in the North Atlantic (Bond et al., 1993).
Although di!erent types of grey, organic-rich sedimen-
tary clasts occur in glacial sediments of the Nordic seas
(Wagner and Henrich, 1994), in the core section dealt
with here the clastic IRD is composed of medium grey
colour and appears to be all of the same kind. In order to
learn more about age and provenance of these sedimen-
tary clasts the two samples from the spike around 23 cal.
kyr were selected for palynological studies. The results
revealed Batioladinium sp., a dino#agellate genus with
restricted stratigraphic range described from Greenland
in mudstones/sandstones of Lower Cretaceous age
(NaK hr-Hagen, 1993). Around the Nordic seas, rock types
of this age cover large areas of the Barents Sea shelf
region, but are found only very localized on the East
Greenland shelf (Okulitch et al., 1989).
4.2. Planktic and benthic foraminferal assemblages
Of the faunal assemblage data only those species are
shown which have been identi"ed before to provide cru-
cial paleoceanographic information (Figs. 4c and d). Dur-
ing the climatic change from a glacial to an interglacial
mode C. wuellerstorx, a foraminifer typically representing
interglacial water-mass conditions in the Nordic seas,
becomes the dominant benthic species (Belanger, 1982;
Struck, 1995). Glacial sediments from the Nordic seas
contain only few deep-sea species, e.g. O. umbonatus, and
these usually in comparatively low numbers (Struck,
1995). But Last Glacial sediments from the Nordic seas
also typically reveal Siphotextularia rolshauseni, an in-
faunal species which can be used as a stratigraphic
marker for OIS 2 (Nees and Struck, 1994; Struck, 1995).
The abundance record of this species in core PS1243
(Fig. 4d), extending between 28 and 17 cal. kyr and disap-
pearing at the onset of deglaciation, clearly underlines
the previous studies on its stratigraphic occurrence. Since
S. rolshauseni does not live in the Nordic seas today,
nothing is known about its past environmental prefer-
ences or why it became so widely dispersed here during
OIS 2. In contrast to C. wuellerstorx, which becomes
more abundant only after 12 cal. kyr, the temporally
con"ned occurrence of S. rolshauseni may imply that very
special conditions prevailed in the Nordic seas during the
"nal phase of the last glaciation.
Among the planktic foraminifera, N. pachyderma sin. is
commonly accepted as the only species re#ecting polar
surface water and glacial conditions. In large areas of the
Nordic seas, Holocene sediments reveal that N. pachy-
derma sin. and Turborotalita quinqueloba are the two
dominant species of the planktic foraminiferal assem-
blage (Kellogg, 1984; Bauch et al., 1996). In core PS1243,
the relative abundance of T. quinqueloba, which is nearly
inversely related to N. pachyderma sin (%), increases up
to 75% (within the size class ’125 lm) during the
mid-Holocene and remains above 50% between 9 and
4 cal. kyr (Bauch, 1997).
The records of T. quinqueloba reveal only in the size-
class 63}125 lm an abundant occurrence between 28 and
18 cal. kyr (Fig. 4c). During the early deglaciation
(18}14 cal. kyr), however, the two di!erent test-size re-
cords of T. quinqueloba show a signi"cant increase be-
tween 14 and 13 cal. kyr, probably coeval in time with the
B+lling/Aller+d warming in this area (Koc7 -Karpuz and
Jansen, 1992). In the size-class ’125 lm, polar species
abundance dropped by 40% during this event. After a re-
newed return to more polar conditions between 13 and
12 cal. kyr, the relative number of N. pachyderma sin.
strongly decreases after 12 cal. kyr, reaching lowest values
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Fig. 4. Comparison of downcore records from the Norwegian Basin with arrows indicating major points of change in the various records. (a) d18O
records of the polar species Neogloboquadrina pachyderma sin. (N.p.) and the two benthic foraminifera Cibicidoides wuellerstorx (C.w.) and Oridorsalis
umbonatus (O.u.). (b) d13C records of N.p. and C.w.. (c) Test concentrations (per gram sediment) and relative abundances (%) of planktic foraminifera
from di!erent size classes. (d) Benthic foraminiferal test concentrations of Siphotextularia rolshauseni (S.r.) in comparison with the relative abundance C.
wuellerstorx. (e) Grain concentration of two di!erent groups of iceberg-rafted rock debris, clastic and crystalline IRD.
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at 9 and at 7 cal. kyr. Noteworthy are two events centred
around 10.5 and 8 cal. kyr when polar species abundance
increased. After &7 cal. kyr, N. pachyderma sin. started
to become the dominant species again.
When comparing all faunal records in Fig. 4, two
major points are striking: (1) during the glacial part the
appearance of small-sized T. quinqueloba and S. rols-
hauseni are of similar duration; (2) both the relative
abundance of C. wuellerstorx and total supolar fauna test
concentrations steeply increased after 12 cal. kyr, al-
though the former does not show the marked decrease in
tests numbers as noted for the subpolar species after
7 cal. kyr when polar surface conditions gradually be-
came dominant again.
4.3. Carbon and oxygen isotope records
The main excursions in the planktic d13C and d18O
isotope records always occur at the same time during the
glacial and deglacial part (Fig. 4a and b). This is parti-
cularly noticeable at 29 cal. kyr, and around 17}18 and
10}11 cal. kyr when changes of up to 0.5& in d13C are
recorded. Carbon isotope values during the glacial sec-
tion are signi"cantly more depleted (down to !0.3&)
than during the ensuing deglaciation when they #uctuate
on a higher level, mainly between 0.2 and 0.5&. Highest
Holocene d13C values of about 0.8& were eventually
reached around 4 cal. kyr. This maximum in planktic
d13C values and its signi"cant drop after 4 cal. kyr seems
a very distinctive feature as it is also observable in other
sediment cores from the eastern Norwegian Sea mainly
(Bauch and Weinelt, 1997).
The epibenthic d13C record (Fig. 4b) can be roughly
subdivided into several, from each other distinctly di!er-
ent intervals. Nearly highest d13C values are observed
before &23 cal. kyr whereas the interval between 23 and
15 cal. kyr is marked by two major depletions. Although
d13C values never drop back to the low level observed at
15 cal. kyr, the d13C record remains rather variable be-
tween 15 and 8 cal. kyr, revealing changes of more than
0.5&. After 8 cal. kyr benthic d13C values increased until
late Holocene values of about 1.4& were "rst reached at
& 5 cal. kyr.
All three oxygen records correspond quite well during
the early part of the glacial interval, reaching a preliminary
trough with high d18O values at 22 cal. kyr and a
signi"cant decrease near 20 cal. kyr (Fig. 4a). But where-
as O. umbonatus and N. pachyderma sin. oxygen values
further increase during the remaining part of OIS 2, the
epibenthic d18O record is opposite, revealing compara-
tively low values. At 2700 m water depth d18O values in
C. wuellerstorx should be expected comparable to those
from the North Atlantic region where highest values are
usually found towards the end of the LGM, before deglaci-
ation started at about 18 cal. kyr (Sarnthein et al., 1994).
Our glacial epibenthic d18O values are also signi"-
cantly more depleted than previously published data
from the southeastern Norwegian Sea (Veum et al., 1992).
The endobenthic record of O. umbonatus, on the other
hand, runs more or less parallel with the record of
N. pachyderma sin. (Fig. 4a), showing the highest values
around 21}19 cal. kyr. However, because of its shallow
endobenthic habitat (Corliss, 1985) some specimens of
O. umbonatus may be slightly younger than their actual
stratigraphical position would indicate. For instance, this
may be the case for the slight o!set noted in the timing of
highest glacial d18O values in N. pachyderma sin. and
O. umbonatus which occurred during times of lowest
sedimentation rates in core PS1243 (Fig. 2).
The general good parallelism in the d18O records of
N. pachyderma sin. and O. umbonatus is also recognized
during the "rst part of the deglaciation when both re-
cords suddenly drop to signi"cantly lower values be-
tween 19 and 17 cal. kyr. In C. wuellerstorx the increasing
trend in the d18O record after 15 cal. kyr persisted until
10 cal. kyr. This d18O increase during deglaciation is
certainly contrary to the postglacial global sea-level re-
cord which reveals only a steady rise but never a notable
fall (Fairbanks, 1989).
Taking into account all records from core PS1243, we
are able to derive from them several major turning points
(arrows in in Fig. 4). The "rst is noted at about 26 cal. kyr
when a sudden increase of IRD deposition is coincident
with high oxygen values in all three d18O records, and an
increase in abundance of small-sized T. quinqueloba
roughly synchronous with the appearance of S. rol-
shauseni. A second major change occurred close to 19 cal.
kyr. At this time, d18O values of O. umbonatus and
N. pachyderma sin. decreased, time coeval with receding
IRD and test concentrations of T. quinqueloba and
S. rolshauseni. A third transition is the steep increase of
d18O values in C. wuellerstorx after 15 cal. kyr which, in
its terminating trough near 13.5 cal. kyr, is synchronous
with a notable surface warming, an increase of subpolar
and C. wuellerstorx abundance as well as an intermittent
reduction in IRD deposition. The next major change is
noted at about 10 cal. kyr when IRD input to site PS1243
had completely stopped. This was also the time when the
two benthic d18O records "nally converged onto the
same value level where they roughly remained since.
The last two major points of change are observed at
about 7 cal. kyr when polar species abundance began to
increase and at 5 cal. kyr when epibenthic d13C values
had come to a consistent level.
5. Records in the western Fram Strait
Unlike PS1243, which may in large re#ect oceano-
graphic changes in the central and southern Nordic seas
directly induced by variations in the intensity of in#ow-
ing Atlantic water masses, the site in the Fram Strait may
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Fig. 5. Distribution of faunal, lithological, and isotopic proxy data from the western Fram Strait during the past 30 cal. kyr.
be suited to investigate the complex oceanographic re-
gime in the high Arctic region (Fig. 5). On the basis of the
calendar year chronology the oxygen isotope record of
N. pachyderma sin. marks highest glacial d18O values of
about 4.8& at &18 cal. kyr which is comparable with
the results in core PS1243. However, in core PS1230
a signi"cant depletion is observed just prior to this d18O
maximum, centred at & 18.5 cal. kyr. This event is also
identi"able in planktic d18O records from much further
south on the western Iceland Plateau (Bauch, 1994; Koc7
and Jansen, 1994), and may have been induced by
oceanographic changes occurring at the Greenland ice
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margin, because a similar event is not recognizable in
sediment cores from the eastern Fram Strait and the
Norwegian Sea (Jones and Keigwin, 1988; Weinelt
et al., 1991). Caused by the commencing deglaciation
after 18 cal. kyr, the decreasing d18O values are accom-
panied by a continuous increase in d13C. The latter
eventually reached a constistent level of about 0.7& at
7 cal. kyr.
Although no lithological distinction was made be-
tween rock types in core PS1230, the record of total IRD
deposition is very much comparable to core PS1243. The
glacial section is characterized by highest amounts of
IRD until about 19 cal. kyr whereas lowest values are
found during most of the Holocene, after about 10 cal. kyr.
The small-sized test record of T. quinqueloba reveals
the occurrence of some specimens centred around 28 cal.
kyr. A second more pronounced increase in subpolar
species occurred after 23 cal. kyr and abruptly termin-
ated at 18.5 cal. kyr. Similar ages for the occurrence of
small-sized T. quinqueloba have been also reported from
records of the southeastern Fram Strait (Hebbeln et al.,
1994) and are quite consistent with the "ndings noted in
the glacial interval of PS1243. Comparing the Holocene
record, however, it is intriguing that in the Fram Strait
subpolar foraminiferal abundance seems highest between
11 and 9 cal. kyr (Hald et al., 1996). This is at "rst hard to
reconcile with our data from core PS1243, considering
that the latter core is positioned upstream showing the
subpolar maximum between 10 and 6 cal. kyr. However,
we have observed increasing foraminiferal test corrosion
in PS1230 after 9 cal. kyr, becoming even more severe
after 7 cal. kyr, when test fragmentation is very common.
Therefore, partial dissolution must be regarded respon-
sible for the low test concentrations in core PS1230
during this time. Furthermore, due to di!erential dissolu-
tion e!ects among the two species an increase in calcite
solubility after 9 cal. kyr must have strongly a!ected the
relative species composition, most likely causing an ap-
parently higher proportions of the less-calci"ed species T.
quinqueloba in the Fram Strait during the early Holo-
cene. This assumption gains further support from plank-
ton tow studies in this region which reveal considerably
higher proportions of T. quinqueloba in the water column
(Carstens et al., 1997) than in the underlying upper Holo-
cene sediments. Interestingly, the onset of severe test
corrosion at 7 cal. kyr is time coeval with high values in
planktic d13C.
6. Paleoceanographic reconstruction and climatic
implications
6.1. Last Glaciation
Distinct IRD events, recognized in the North Atlantic
as &Heinrich’ layers during distinct cold phase of the Last
Glaciation, are interpreted as the result of massive ice-
berg discharges due to ice-sheet growth over North
America - Greenland and Scandinavia (Bond et al., 1993;
Fronval et al., 1995). Whether these ice sheets expanded
synchronously is a matter of methodology and precision
of core chronologies (Dowdeswell et al., 1999), but seems
not so relevant for the Nordic seas as this region was
always dominantly in#uenced by the #uctuations of the
western Scandinavian ice sheets (Baumann et al., 1995).
The mechanism for ice-sheet growth on Scandinavia
seems simple as it depends on summer air temperatures
that are cold enough to prevent an excess of summer melt
over winter snow precipitation. A substantial amount of
the moisture transferred to western Scandinavia
originates from evaporation in the low-latitude North
Atlantic. Therefore, past variations in the size of the
Scandinavian ice sheet were directly depending on the
#ux rate of oceanic}atmospheric heat and moisture to-
wards high-northern latitudes (cf. Hebbeln et al., 1994)
which, besides sea-level changes, also controlled the rate
in iceberg calving. Because melting of icebergs can only
occur when the ambient water and/or the air temperature
is above 03C, the recognition of IRD in glacial sediments
of the Nordic seas implies that icebergs were actually
melting away thereby releasing both incorporated rock
fragments and relatively cold freshwater. This thought
may be a trivial conception if applied for the mid-latitude
North Atlantic where icebergs were drifting southward
into relatively warmer latitudes. As it is generally be-
lieved that the glacial Nordic seas were cold and covered
by sea ice, pack ice, and icebergs for most year around
except the summer season, the occurrence of highest IRD
during the glacial interval could also mean that the water
temperatures at this time were considerable warmer than
thought previously.
The increase in #ux rates of IRD at about 26}24 cal.
kyr (Fig. 6) indicates that the balance between ice growth
and sea-level fall around the Nordic seas had reached
a critical point, causing enhanced discharge of icebergs
near the shelf edge. This interpretation is in accordance
with studies from the western Barents Sea (Elverh+i et al.,
1995; Vorren and Laberg, 1996). The relatively high input
of clastic IRD of lower Cretaceous age at site PS1243
points to the Barents Sea shelf and its archipelagos (Bare-
nts shelf region) as the principle source area (Elverh+i
et al., 1995; Bischof et al., 1997). The age of the two clastic
IRD spikes (25.5 and 23 cal. kyr) is in good agreement
with newly published data that show increased transpor-
tation of organic-rich terrigenous material o! the north-
western Barents Sea shelf into the deeper Arctic basin at
the same time (Knies and Stein, 1998). Because global sea
level was still falling during this time, it seems evident
that these two spikes in IRD re#ect major ice
growth/surging in the Barents shelf region which also led
to the increased transfer of clastic IRD o! the shelf and
into the central Nordic seas via iceberg rafting.
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Fig. 6. Paleoceanographic proxy records from the Norwegian Basin showing the main paleoenvironmental changes during the past 30 cal. yr
in comparison with ice-core data from Greenland (Meese et al., 1994) and solar radiation. The shaded area marks the duration of the Younger Dryas
cold event. The thin line represents the base of the Vedde Ash (VA). Flux rates of foraminifera and IRD are expressed as number of
grainsHcm~2Hkyr~1.
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The constantly high input of crystalline rock fragments
between 22 and 19 cal. kyr indicates that the ice-sheet
margins around the Nordic seas remained active in terms
of iceberg production. However, the distinctive lack of
clastic IRD during this time, could either imply that the
sediment clasts were only incorporated into the ice dur-
ing times of signi"cant ice growth in speci"c areas or that
iceberg drift had changed direction. The occurrence of
high numbers of small-sized T. quinqueloba in the Norwe-
gian Basin and the Fram Strait while global ice volume
was reaching its maximum may indeed indicate a north-
ward #ow of air and water masses which would explain
the lack of clastic IRD at his time due to a change in the
pathway of icebergs.
The occurrence of subpolar foraminifera alongside
with increasing d18O values (N. pachyderma sin. and
O. umbonatus) was previously interpreted as evidence for
seasonally open waters in the Nordic seas during the
LGM (Bauch, 1994; Weinelt et al., 1996). There could be
little doubt that the surface-water conditions during this
time were somehow associated with in#owing Atlantic
water and that this situation must have had a positive
feedback on the ice-sheet growth over the Barents Sea
region (Hebbeln et al., 1994). The inference of summer
sea-ice melting and, thus, open waters in the Nordic seas
during the LGM may be further corroborated by the
observation of high #uxes of IRD in our central Nordic
sea core. For analogy, in the central Arctic Ocean were
sea-ice coverage today is close to 100% with relatively
little seasonal melting, sediment cores reveal character-
istically low #uxes of IRD for the LGM (N+rgaard-
Pedersen et al., 1998). The reason for this was probably
not the lack of icebergs in the Arctic Ocean during the
LGM but rather a cold (below 3C) and thick (several
100s m) halocline as today (Bauch et al., 2000b). On the
other hand, to interpret the presence of nannoplankton
and increased amounts of planktic foraminifera per gram
in Last Glacial sediments of the northern Nordic seas as
high surface bioproductivity and, thus, open-water con-
ditions per se (Hebbeln et al., 1994; Dokken and Hald,
1996) must be regarded with some caution. Coccoliths
and relatively high numbers of foraminifera per gram are
also found in Holocene sediments from the perennially
ice-covered interior Arctic Ocean (Gard, 1993;
N+rgaard-Pedersen et al., 1998; Bauch, 1999), but merely
as the result of generally low sedimentation rates, i.e.,
little accumulation of terrigeneous sediments.
Conceivably, our various faunal and lithological re-
cords from the main glacial interval (26}19 cal. kyr) rep-
resent conditions which are certainly di$cult to explain
using the concept of a modern water-mass circulation. In
this respect, it is intriguing to see the major change in the
faunal and IRD records at 26 cal. kyr to coincide with the
sudden decrease in the d18O record of C. wuellerstorx.
Because these epibenthic d18O values are contrary to
those found in the North Atlantic for the same time,
previous and recent studies have interpreted such low
benthic d18O excursions in association with low planktic
d18O values by invoking brine formation (Veum et al.,
1992; Vidal et al., 1998; Dokken and Jansen, 1999) where-
as others, using benthic faunal evidence (Rasmussen
et al., 1996), link them to an in#ow of intermediate water.
Plankton trap data from the western Fram Strait show
that T. quinqueloba lives here within Atlantic waters that
becomes advected below the cold and low-saline polar
surface waters (Carstens et al., 1997). Such a modern
oceanographic setting can be used to help explain the
existence of T. quinqueloba during the LGM in that
relatively warm Atlantic surface waters became subduc-
ted below a colder, and due to meltwater, low density and
strongly strati"ed upper surface layer (Fig. 7). Because
sea-ice cover not only prevents heat release to the atmo-
sphere but also supports surface water strati"cation, the
unusual low epibenthic d18O values in the glacial interval
may be partly the result of a gradual warming of the
deeper water as is observed in the Greenland Sea today
(BudeH us et al., 1998). The glacial oceanographic scenario
(Fig. 7) would be similar to the modern situation north of
Spitsbergen where relatively warm Atlantic surface water
(&2}43C) is being subducted underneath the cold Arctic
halocline (&!1.73C) causing an inverse temperature
relation between the surface water and the underlying
intermediate water (Environmental Working Group,
1998). As it can be assumed that the upper water struc-
ture in the glacial Nordic seas was of lower salinity than
the North Atlantic, deep-water warming could have been
enhanced by the down#ow of incoming upper Atlantic
water along inclined isopycnals and a reduction in verti-
cal convection processes. Another piece of evidence re-
garding the possible subduction of Atlantic surface water
during the last glaciation comes from a high-resolution
core from the Denmark Strait. In this core, benthic
foraminifera often yielded signi"cantly younger radiocar-
bon ages than planktic foraminifera (Voelker et al., 1998).
These younger ages in the bottom waters might have
been caused by the in#ow and subduction of upper
Atlantic water which had a relatively smaller 14C reser-
voir age than the meltwater and ice cover stricken surface
waters in the Nordic seas.
For the glacial Nordic seas it can be assumed that the
ice sheets, which extended onto shallow areas such as the
Barents Sea shelf, also existed at least partly in form of ice
shelves (Svendsen et al., 1999). As it can be further as-
sumed, katabatic winds were blowing away constantly
from the ice-sheet margins towards the ice-covered sea
probably creating the formation of open waters (poly-
nyas). These polynyas constituted potential areas of in-
creased sea-ice and dense-water production (Fig. 7). It
seems unlikely that dense water production due to sea-ice
formation (the so-called brines) was the mechanism re-
sponsible for the observed low epibenthic d18O values
because of the great water depth of our core which would
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Fig. 7. Schematic drawing of the LGM scenario (ca. 26}18 cal. kyr) in the Nordic seas.
have led to the dilution of the low d18O signature of the
surface water via mixing. Moreover, core PS1243 is
located far away from the continental areas, also ruling
out brines formed on the continental shelves, as sugges-
ted by Dokken and Jansen (1999). Our polynya scenario,
however, would have facilitated upwelling, a process
which then could have accomodated both, increased sur-
face bioproductivity as well as the advection of compar-
atively warm and saline water from the North Atlantic.
Therefore, the polynya scenario shown in Fig. 7 is sugges-
ted by us as a main mechanism that had a strong e!ect on
the environmental conditions in the Nordic seas during
the LGM. However, we do not rule out the possible
impact of glacier ice also on deep water d18O. As studies
in Antartica have shown supercooling processes at the
underside of an ice shelf/ice margin can indeed lead to
a noticeable density increase of d18O depleted, low-salin-
ity surface waters (Foldvik and Gammelsr+d, 1988). Since
during the LGM deep-water benthic d18O values from
the North Atlantic were about 1& higher than in the
Nordic seas, the epibenthic d18O values found in PS1243
would imply about 43C warmer deep-water temper-
atures, if all the isotopic change were due to temperature
alone. However, such a drastic increase in bottom-water
temperature seems unlikely with our present understand-
ing of the physical oceanography during the LGM.
Therefore, it remains unanswered which of the two
factors, deep-water temperature increase through the
advection and subduction of warm Atlantic water or a
drawdown of d18O-depleted, supercooled and/or brine-
a!ected surface waters had the greater e!ect on our
epibenthic foraminiferal d18O record.
Contrary to the record shown by Veum et al. (1992)
from the southwestern Norwegian continental slope, our
glacial record of benthic foraminiferal d13C is very remi-
niscent of the isotopic trend found in the North Atlantic
for similar water depths (Sarnthein et al., 1994), indicat-
ing a deep-water link between both regions. That deep
water was formed in the Nordic seas during the glacial
phase may be inferred from the generally higher d13C
values observed in the Nordic seas compared with the
North Atlantic. This is also true for the time interval
prior to 23 cal. kyr which reveals particularly high be-
nthic d13C values in the Nordic seas. However, an overall
decrease onto a lower level is observed in the benthic
d13C after &23 cal. kyr indicating that deep-water con-
ditions during the LGM period di!ered from the times
before. It is interesting to remark that at the same
time when insolation began to increase air temperatures
over Greenland rose too, indicating that atmospheric
conditions at high-northern latitudes underwent an
irreversible change towards an interglacial climatic mode
(Fig. 6). Because d18O values (O.u. and N.p.), i.e., global
ice volume, continued to increase for another 4 ky (until
&19 cal. kyr), the generally high #ux rates of IRD
observed prior to this time were the consequence of
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enhanced ice sheet/glacier growth around the Nordic seas
due to increased precipitation probably forced by this
earlier change in atmospheric temperature. As the result-
ing increase in the production of icebergs and their sub-
sequent melting must have had an e!ect on the water-mass
structure (Maslin et al., 1995; Zahn et al., 1997), the signi"-
cant d13C depletions found, e.g., at &22 cal. kyr (time-
coeval with H2), can be taken as evidence for a notable
reduction in deep-water formation in the Nordic seas.
Crucial for our interpretation of the particular oceanic
conditions during the LGM is also a better understand-
ing of the circumstances which caused the d18O di!er-
ence between the epibenthic-living C. wuellerstorx and
the shallow-infaunal species O. umbonatus. One argu-
ment to produce such two di!erent records could be
bioturbational downmixing of tests of C. wuellerstorx
from the core section where all three species, C. wueller-
storx, O. umbonatus, N. pachyderma show a time-coeval
d18O depletion (between 19 and 17 cal. kyr). Prior to this,
however, a d18O increase is recorded by all species,
although notably least strongly by C. wuellerstorx
(&20.5 cal. kyr). Moreover, the good comparability of
our epibenthic d13C record with other records from the
North Atlantic (e.g., Sarnthein et al., 1994) certainly pre-
cludes bioturbational downmixing as a major cause too.
It seems more likely that both factors, the speci"c eco-
logical behaviour of each benthic species to changes in
water mass/food supply as well as the relatively high time
span of 550 yr covered by each of our glacial samples are
responsible for the two very di!erent benthic d18O re-
cords. This means that the two benthic species may not
have lived at the same time and, therefore, may not
represent exactly the same bottom conditions. Because
the total number of tests of C. wuellerstorx found in the
glacial samples is considerably less compared with
O. umbonatus, the rare occurrence of C. wuellerstorxmay
represent relatively short-lived events whereas O. um-
bonatus better re#ects long-term changes. Considering
that C. wuellerstorx is a suspension feeder relying on
interglacial-like conditions it probably responded
quickly by growing its test at times when water-mass
conditions and food supply resembled more closely an
interglacial mode. That overall environmental conditions
during the LGM were very special also at the sea#oor is
certainly corroborated by the time-restricted and un-
usual occurrence of S. rolshauseni. Although the sudden
appearance of this species is di$cult to explain as it has
no modern analogue to compare with, its stratigraphic
range seems clearly correlated to major events recog-
nized in most of our other environmental proxy records
(see Fig. 5).
6.2. Early deglaciation
After the LGM, the "rst major minimum in the plank-
tic d18O record (&18 cal. kyr) has been related to the
early melting of the Barents Sea ice sheet (Jones and
Keigwin, 1988). The timing seems consistent with dates
reported for the retreat of this ice sheet from the shelf
break (Elverh+i et al., 1995; Svendsen et al., 1996; Vorren
and Laberg, 1996). Although this d18O spike is roughly
coeval in time with the H1 cold event in the North
Atlantic, in our and other records from the Nordic seas
(Elverh+i et al., 1995; Dokken and Hald, 1996) this event
is not associated with enhanced #uxes of IRD (see also
Stein et al., 1996). Various hypotheses, such as isostatic
depression or sudden sea-level rise in combination with
increased postglacial warming have been proposed by
several authors to explain this early d18O depletion
(Jones and Keigwin, 1988; Forman et al., 1995; Polyak
et al., 1995). The timing of this event (or time correlatives
of it) also reveals some kind of regional patchiness. Apart
from the central Arctic Ocean, around Spitsbergen and
along East Greenland (Jones and Keigwin, 1988; Stein
et al., 1994), it is also recognizable in the northern
Denmark Strait (Voelker et al., 1998) where faunal and
isotopic downcore data reveal that warm Atlantic water
existed here during early deglaciation (Sarnthein et al.,
1995; Voelker et al., 1998). Therefore, it could well be that
during early Termination I surface warming "rst occur-
red along eastern Greenland and the central Nordic seas
(cf. Sarnthein et al., 1995). This would explain the consis-
tently younger ages of the "rst major postglacial d18O
depletion found in cores from o! western Norway (e.g.,
Weinelt et al., 1991). In any case, this early d18O event in
core PS1243 seems to have merged with episodes of
increased meltwater discharge occurring in the Norwe-
gian Sea about 1 kyr later (Sarnthein et al., 1995). The
low benthic and planktic d13C values reveal that vertical
convection was extremely reduced during this time, con-
ditions which remained like this until about 15 cal. kyr.
Thereafter, IRD #uxes indicate a notable increase in
iceberg activity centred around 14 cal. kyr (Fig. 6). This
IRD increase is time-coeval with glacier advances in
northwestern Norway and Spitsbergen (Vorren and
Elvsborg, 1979; Mangerud et al., 1992). Because this
event at 14 cal. kyr is associated with enhanced #ux rates
in both crystalline and clastic IRD, we assume that Spits-
bergen and/or parts of the relatively shallow north-
western Barents Sea were the most likely region that
became a!ected by this renewed ice advance (Svendsen
et al., 1996).
The "nal phase of the early deglaciation prior to the
YD is marked by an initial but remarkable major surface
warming centred at about 13.5 cal. kyr, which seems to
represent the B+lling/Aller+d period (Fig. 6). The relative-
ly high number of subpolar foraminifera re#ect Holo-
cene-like water-mass conditions in the Nordic seas.
This time is associated with high benthic d13C and
d18O values (highest d18O values are now observed in
C. wuellerstorx since the beginning of full-glacial condi-
tions at 26 cal. kyr). In strict accordance with previous
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interpretations based on cores from outside the Nordic
seas (Lehman and Keigwin, 1992; Sarnthein et al., 1994),
the signi"cant increase in epibenthic d18O and d13C
which gradually began already after 15 cal. kyr should,
therefore, be regarded as evidence for the change from the
typical glacial circulation (i.e., subsurface in#ow of upper
Atlantic water) to the modern open-ocean circulation
style with increasingly more oceanic heat being pumped
into the still rather cold subarctic latitudes. This oceanic
change eventually caused a deeper reaching vertical con-
vection in the central Nordic seas, leading to enhanced
NADW production for the North Atlantic and decreased
bottom temperatures in the Nordic seas. Although the
abundance record of C. wuellerstorx "rst increased
&18 cal. kyr (Fig. 4), a notable surface warming in the
region of site PS1243 has not occurred before 15 cal. kyr.
In the southeastern Norwegian Sea, for comparison,
plankton data reveal "rst surface warming at &16 cal.
kyr (Lehman and Keigwin, 1992; Koc7 -Karpuz and Jan-
sen, 1992), matching in timing quite well the major
change in our C. wuellerstorx record as well as in the
Greenland ice core (Figs. 4 and 6).
6.3. Younger Dryas
From the point of paleoceanography, there are several
hitherto unanswered questions regarding the YD cold
event which occurred during times of maximum insola-
tion (Fig. 6). One of these is related to whether this
cooling was possibly triggered by lowered surface ocean
salinities during the course of ice-sheet melting (Broecker
et al., 1990). Another one concerns the consequences of
this event for the contemporaneous ocean circulation in
the North Atlantic. This second question has been con-
troversial. Based on epibenthic foraminiferal d13C, some
authors have found evidence for a signi"cant decrease
(i.e., lowered d13C) in NADW production (e.g., Boyle and
Keigwin, 1987; Keigwin and Lehman, 1994) whereas
others could not support such a "nding (e.g., Jansen and
Veum, 1990; Sarnthein et al., 1994). Our epibenthic d13C
record around the YD event is very similar to data from
the southeastern Norwegian Basin published by Veum
et al. (1992). But the record of core PS1243 seems more
detailed, showing that around 13 cal. kyr, just before the
onset of the YD but clearly after the B+lling/Aller+d
warming, there was a notable depletion in epibenthic
d13C which seems coeval in time with a massive planktic
d18O in the Fram Strait. The very high epibenthic d13C
values observed later during the "rst part of the YD were
associated with a high accumulation of IRD as well as
cold surface water in the Nordic seas and cold air temper-
ature over Greenland (Fig. 6). The high d13C values
should be interpreted as the result of increased rates of
vertical convection in the Nordic seas whereas the de-
pletions by 0.5& observed at near the beginning and the
end of the YD would imply a slowdown of this convec-
tional process. Inferred lower rates of vertical convection
during these two depletions could have been caused by
meltwater at the surface. At face value, the strong de-
crease in planktic d18O identi"ed in the western Fram
Strait at the beginning of the YD would point to the
Arctic Ocean freshwater system as triggering cause for
the YD (Bauch et al., 2000b), because this d18O event is
not recognized in the Nordic seas (Fig. 6; see also Sarnt-
hein et al., 1995). The conclusion that the Arctic might
have triggered the YD seems intriguing but remains
speculative at present as additional cores would be re-
quired from this high-northern region for con"rmation,
however, with a higher temporal resolution than PS1230.
So, do the epibenthic d13C values of 1.6}1.1& during
the YD really re#ect fast surface water overturning? As
was demonstrated, the 2 cm thick layer of the Vedde Ash
in core PS1243 documents instantaneous deposition dur-
ing the volcanic eruption (Fig. 3). The radiocabon-dated
base of this ash gave an uncorrected age of
10,630$150 yr. Recently, dated plant material within
the Vedde Ash horizon in southern Norway has revealed
an age of 10,300 yr (Bard et al., 1994; Birks et al., 1996),
directly re#ecting the atmospheric 14C of this time. After
correcting our date below the Vedde Ash for the well-
known 14C plateau and a reservoir e!ect of 400 yr, the
calendar age for the Vedde Ash of &12 cal. kyr in core
PS1243 (Fig. 6) is comparable to the age of the tephra
calculated on the basis of counted annual layers in the
GRIP ice core (Gr+nvold et al., 1995). Hence, our age for
the Vedde Ash corroborates both a relatively small reser-
voir age of &300}400 yr and, as also supported by the
increased epibenthic d13C just below the ash, a relatively
high rate in vertical convection in the central Nordic seas
during this time. Our 14C reservoir estimate for the
central Nordic seas is signi"cantly less than the
700}800 yr recently calculated by Bard et al. (1994) for
the North Atlantic using a similar approach, however, on
the basis of ice-rafted ash particles. It is hard to reconcile
the high epibenthic d13C values and small reservoir e!ect
for the mid-YD relative to the late Holocene with a slow-
down of the ocean conveyor, particularly, because this
time was accompanied by low d18O values in N. pachy-
derma sin. and O. umbonatus (Fig. 6). It therefore may well
be that the changes in deep-sea epibenthic d13C records
are at times also a!ected by other factors than just
intensity in water-mass ventilation, e.g., such as the rate
in vertical food #ux and air-sea exchange (Charles
et al., 1993; Mackensen et al., 1993).
6.4. Late deglaciation
The interval directly after the YD is still characterized
by relatively low epibenthic d13C values indicating that
the intensity of vertical convection was still reduced.
Although the relative abundance in polar foraminifera
generally decreased during this phase (Figs. 5 and 6), in
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more detail the planktic data reveal a notable warming
and subsequent surface cooling centred at &11 and
10.5 cal. kyr, respectively. Similar events have been re-
cently reported also from the northeastern Norwegian
Sea (Hald and Hagen, 1998).
The common picture of still unstable trends persisted
in all of our proxy records until &10 cal. kyr when IRD
deposition ceased in the central Nordic seas and, with
a time lag of &1 kyr, also in the Fram Strait area. The
fact that the two benthic d18O records show consistently
the same values only after the IRD had vanished may be
taken as evidence for the establishment of normal marine
salinities at the surface and the onset of a consistent
thermohaline circulation system. From this time on-
wards warm surface-water conditions rapidly evolved in
most areas of the Nordic seas (Koc7 et al., 1993; Bauch
et al., 1999), which was concomitant with atmospheric
changes over Greenland and Scandinavia (Fig. 6; Nesje
and Kvamme, 1991).
6.5. Holocene
The further development of the water-mass conditions
in the Nordic seas after 10 cal. kyr is marked by a signi"-
cant cooling centred at &8 cal. kyr (Fig. 6). Although
not very well constrained by our 14C dates in core
PS1243, this cooling seems related to the brief event
recognized in the GRIP and GISP2 ice cores at 8.2 cal.
kyr (Alley et al., 1997). In core PS1243 this event is
associated with low epibenthic d13C values, implying
decreased ventilation in the Nordic seas. Although fresh-
water from melting icebergs in the Nordic seas must be
ruled out because of the lack of IRD, this cooling was
probably still induced by signi"cant surface ocean cha-
nges which were triggered by the "nal episode of the
Fennoscandian and Laurentide deglaciation (Bauch and
Weinelt, 1997; Barber et al., 1999).
Warmest surface conditions were reached in the central
Nordic seas around 7 cal. kyr when the dominance of
subpolar foraminiferal species was strongest (Fig. 6). This
was also the time when the water-mass/sea-ice conditions
in the Fram Strait became comparable to the modern
situation, i.e., the in- and out#ow of Atlantic (WSC) and
polar waters (EGC), respectively. Higher planktic d13C
values are commonly observed in surface sediments along
the east Greenland margin than elsewhere in the Nordic
seas (Weinelt, 1993; Johannessen et al., 1994; Hebbeln
et al., 1998), and by far the highest values are found
in the central Arctic Ocean (Spielhagen and Erlenkeuser,
1994). In addition, it has been observed in areas with
long seasonal ice coverage but high summer bio-
productivity that corrosive bottom waters may be formed
via remineralization of organic matter (Steinsund and
Hald, 1994). Thus, the assumption may be drawn that the
high planktic d13C values in conjunction with increased
carbonate corrosion recorded in core PS1230 for the past
7 cal. kyr re#ect relatively stable and modern-like envir-
onmental conditions at the Arctic gateway.
Since about 6 cal. kyr, our records from core PS1243
and other surface ocean data from this region (e.g., Koc7
et al., 1993) suggest rather continuous surface cooling
whereas the epibenthic d13C values, which "nally ap-
proached the modern level of 1.3}1.4& shortly after,
indicate unchanged strong vertical convection during the
past 5 cal. kyr. The fact that surface cooling began while
vertical convection remained on very high level impli-
cates that the warmest surface conditions in the Nordic
seas, which occurred between 10 and 6 cal. kyr, were
probably also not directly related to intensi"ed deep-
water formation. More likely, the warm conditions in the
early Holocene were the result of high insolation, ice-free
conditions, and no signi"cant meltwater input. On this
basis, it may be further concluded that the present
oceanographic situation, with the establishment of the
Arctic and Polar frontal zones (Fig. 1), is the result of this
last oceanic development. This "nding is in contrast to
other paleoceanographic conclusions in which the post-
glacial water-mass evolution in the northern Atlantic
region is believed as mere shifts in the geographical
position of apparently rather time-persistent oceano-
graphic fronts (e.g., Ruddiman and McIntyre, 1981;
Fronval et al., 1998).
7. Conclusions
Using a multiproxy approach on a sediment core from
the central Nordic seas (supported by data from a core at
the Arctic gateway), the paleoenvironmental evolution of
the deep and surface-water circulation was reconstructed
for the last 30 cal. kyr. The records reveal that di!erent
styles of thermohaline circulation have occurred during
glacial, deglacial, and interglacial periods, controlling the
intensities of both northerly ocean heat #ux and forma-
tion of NADW as well as the variability of ice-sheet
growth on the landmasses surrounding the Nordic seas.
f Towards the end of OIS 3 (until 26 cal. kyr), open-
water convection in the Nordic seas, as veri"ed
through high epibenthic d13C values, provided su$-
cient moisture supply from the North Atlantic for the
Fennoscandian-Barents ice sheets to grow until they
approached the shelf break at &26 cal. kyr and
started to deliver high amounts of IRD into the ocean
via melting icebergs. All three d18O records show
a parallel increase during this time, implying that the
environment in the Nordic seas became increasingly
glacial and that ice-sheet growth occurred on a global
and regional scale until &19 cal. kyr.
f On the basis of high #uxes of IRD between 26 and 19 cal.
kyr, and the assumption that surface-water strati-
"cation prevailed due to low-density meltwater lids in
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summer and sea-ice cover during the rest of the year, it
is suggested that the advection of Atlantic water (down
to intermediate water depths) into the Nordic seas
occurred mainly at the subsurface, partly faciliated
through polynyas. These polynyas, which were gener-
ated along the Fennoscandian-Barents ice sheets by
catabatic winds, not only provided moisture to the ice
sheets through upwelling of relatively warm Atlantic
water, they may also have been responsible for the
occurrence of small-sized subpolar foraminifera as far
north as the Arctic Ocean. It is further suggested that
this advection of relatively warm and saline Atlantic
water at the subsurface in combination with super-
cooled d18O depleted surface water was also instru-
mental for the unusually light epibenthic d18O values
observed during OIS 2.
f Despite a parallel decrease in planktic and benthic
d18O records between 20 and 18 cal. kyr, which was
probably mainly caused by a rapidly collapsing Ba-
rents Sea ice sheet due to sea-level rise in association
with increasing atmospheric temperatures and solar
radiation, glacial conditions characterized by a domi-
nant thermohaline subsurface circulation prevailed
until 15 cal. kyr. Thereafter, conditions rapidly im-
proved, and after an intermittent brief cooling at about
14 cal. kyr, Holocene-like conditions with normal
marine salinities and vertical overturning of in#owing
Atlantic surface-water masses were established for the
"rst time in the B+lling/Aller+d (at 13.5 cal. kyr).
f The Younger Dryas cooling (YD) which followed the
B+lling/Aller+d warming was associated with en-
hanced IRD accumulation in the Nordic seas. Al-
though very high epibenthic d13C values combined
with a 14C reservoir e!ect of just 300}400 yr, verify
strong vertical water-mass convection during the
"rst-half of the YD, this major cold phase was clearly
preceded by notable depletion in both epibenthic d13C
in the central Nordic seas and planktic d18O in the
Fram Strait, implying a reduction in thermohaline
circulation possibly caused by meltwater input from
the Arctic Ocean.
f Another reduction in the rate of vertical water-mass
convection is observed towards the end of the YD and
into Preboreal times (12}10.5 cal. kyr). During this
entire interval thermohaline circulation remained un-
stable, probably due to variations in meltwater input
from the rapidly decaying ice sheets at the end of the
deglaciation.
f Freshwater input into the central Nordic seas derived
from melting icebergs completely ceased at 10 cal. kyr.
Supported by strong atmospheric warming these im-
proved surface-water conditions led to a strong sur-
face-water warming which more or less persisted until
about 6 cal. kyr.
f The warmest interval between 10 and 6 cal. kyr is inter-
rupted by a slight depletion in epibenthic d13C values
concordant with increased polar foraminiferal abund-
ance centred around 8 cal. kyr. This event gives evi-
dence of another notable surface water cooling in the
central Nordic seas. Although the actual cause for this
water mass change is not fully understood, it is most
likely related to an entrainment of relatively fresh
water into the thermohaline system caused by the "nal
episode of northern hemisphere ice melting.
f After 7 cal. kyr the modern-type circulation started to
evolve in the Nordic seas. This situation is character-
ized by the strong in#ow of Atlantic water masses
along the eastern Nordic seas into the Arctic Ocean,
and the northerly out#ow of cold polar waters along
the Greenland continental margin. Although the
intensity of deep-water formation has not changed
during the last 5 ka, surface water temperatures began
to decrease progressively already after 7 cal. kyr. This
development eventually led to the modern steep east-
to-west temperature gradients and the establishment
of today’s main water-mass boundaries.
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